Induction of phase 2 enzymes and elevations of glutathione are major and sufficient strategies for protecting mammals and their cells against the toxic and carcinogenic effects of electrophiles and reactive forms of oxygen. Inducers belong to nine chemical classes and have few common properties except for their ability to modify sulfhydryl groups by oxidation, reduction, or alkylation. Much evidence suggests that the cellular ''sensor'' molecule that recognizes the inducers and signals the enhanced transcription of phase 2 genes does so by virtue of unique and highly reactive sulfhydryl functions that recognize and covalently react with the inducers. Benzylidene-alkanones and -cycloalkanones are Michael reaction acceptors whose inducer potency is profoundly increased by the presence of ortho-(but not other) hydroxyl substituent(s) on the aromatic ring(s). This enhancement correlates with more rapid reactivity of the ortho-hydroxylated derivatives with model sulfhydryl compounds. Proton NMR spectroscopy provides no evidence for increased electrophilicity of the ␤-vinyl carbons (the presumed site of nucleophilic attack) on the hydroxylated inducers. Surprisingly, these ortho-hydroxyl groups display a propensity for extensive intermolecular hydrogen bond formation, which may raise the reactivity and facilitate addition of mercaptans, thereby raising inducer potencies.
M
ammalian cells have developed remarkably efficient protective mechanisms against both acute and chronic toxicities of electrophiles and reactive oxygen species that are the major causes of malignancy. The two primary lines of defense are (i) a family of phase 2 enzymes that detoxify electrophiles and serve as indirect antioxidants; and (ii) glutathione (GSH), the most abundant cellular nonprotein thiol. Phase 2 enzyme activities and GSH levels do not normally operate at their maximal capacity, but they can be transcriptionally induced by a wide variety of natural and synthetic chemical agents, thereby achieving efficient protection against carcinogenesis (1) (2) (3) . The family of inducible phase 2 proteins is enormously diverse, and each member plays a distinct role in cellular protection. In addition to inducing the ''classical'' phase 2 drug-metabolizing enzymes, such as glutathione S-transferases (GST) and UDP-glucuronosyltransferase (4, 5) that conjugate xenobiotics with endogenous ligands, this group of inducible proteins now includes NAD(P)H:quinone reductase (NQO1) (6) , epoxide hydrolase (7), heme oxygenase 1 (8, 9) , ferritin (9), ␥-glutamylcysteine synthetase (10) (11) (12) , aflatoxin aldehyde reductase (13, 14) , catalase and superoxide dismutase (12) , dihydrodiol dehydrogenase (15) , leukotriene B 4 dehydrogenase (16) , and glutathione Sconjugate efflux pumps (see ref. 17 for a review).
The genes for many of these proteins contain 5Ј-upstream antioxidant (electrophile) responsive elements (ARE͞EpRE; consensus sequence TGACNNNGC), which regulate both their basal and inducible expression. The identities of the transcription factors that interact with the ARE elements are under active study (see ref.
18 for review), but clearly Nrf2, a member of the basic leucine zipper family of transcription factors, plays a central role in phase 2 enzyme expression (19, 20) . The recent findings that nrf2-deficient mice are resistant to enzyme induction, display increased susceptibility to carcinogenesis, and are not protected by a phase 2 enzyme inducer provide major support for this conclusion (21) . Nrf2 is normally localized mainly in the cytosol bound to a chaperone, Keap1 (19, 20) . Exposure of cells to inducers disrupts the Keap1-Nrf2 complex, and Nrf2 migrates to the nucleus, where it binds (in heterodimeric forms with other transcription factors) to the ARE enhancer regions of phase 2 genes and stimulates their transcription. Keap1, a 624-amino acid protein, contains 25 cysteine residues, 9 of which are expected to have highly reactive sulfhydryl groups (low pK a values) because they are flanked by one or more basic amino acid residues (22) . Because all inducers react with sulfhydryl groups (see below), the Keap1-Nrf2 complex is a plausible candidate for the cytoplasmic sensor system that recognizes and reacts with inducers.
To monitor inducer activity, we have measured NQO1, which is induced to high levels in many animal tissues and cells by a variety of dietary and synthetic agents (2, 6, 23, 24) . A simple and rapid system for measuring the specific activity of NQO1 in murine hepatoma cells grown in 96-well plates (25, 26) has been invaluable for determining inducer potency. The concentration of a compound that is required to double NQO1 specific activity (CD value) provides a quantitative measure of inducer potency. Nine distinct chemical classes of monofunctional inducers have been identified (2, 23, 27, 28) : (i) oxidizable diphenols and quinones; (ii) Michael reaction acceptors (olefins or acetylenes conjugated to electronwithdrawing groups); (iii) isothiocyanates; (iv) hydroperoxides; (v) trivalent arsenic derivatives; (vi) divalent heavy metal cations (Hg 2ϩ , Cd 2ϩ ); (vii) vicinal dithiols; (viii) 1,2-dithiole-3-thiones; and (ix) carotenoids and other conjugated polyenes. The chemistry of these seemingly unrelated inducers provides little immediate insight into the nature of the cellular sensor target with which they might react: some are oxidants, others are antioxidants, and a third group (e.g., isothiocyanates) are neither. Nevertheless, although architecturally dissimilar, inducers share several common properties: (i) all are chemically reactive; (ii) all are electrophiles except for vicinal dithiols; (iii) most are substrates for GST (29) ; and (iv) all can covalently modify sulfhydryl groups by alkylation, oxidation, or reduction.
The prevailing view-for which direct evidence is lacking-is that the primary cellular sensor with which inducers must react to initiate the signaling of transcriptional activation is a protein endowed with highly reactive sulfhydryl group(s) that is chemically modified by the inducers. This view is consistent with the following properties: (i) the inducer potencies of Michael reaction acceptors parallel their reactivity with nucleophilic donors such as mercaptans (29, 30) ; (ii) many inducers are classical sulfhydryl reagents-e.g., diethyl maleate, 1-chloro-2,4-dinitrobenzene; (iii) the most potent metal inducers (Hg 2ϩ Ͼ Cd 2ϩ Ͼ Zn 2ϩ ) have the highest affinities for mercaptans (27) ; (iv) the inducer potencies of a series of isothiocyanates are closely related to their second-order nonenzymatic rate constants of reaction with GSH (31); and (v) many inducers are substrates for GST (29) . The idea that the primary cellular sensor protein may indeed contain two reactive vicinal thiol groups is consistent with the extremely high inducer potency of trivalent arsenicals such as phenylarsenoxide (CD ϭ 57 nM), which can readily form very stable five-membered cyclic thioarsenites.
To gain further insight into the mechanisms of phase 2 enzyme induction and the role of sulfhydryl reactivity, we have analyzed a group of Michael reaction acceptor-containing plant cinnamates, coumarins, chalcones, curcuminoids, and the related synthetic bis(benzylidene)cycloalkanones, some of which are very potent inducers of NQO1 (Table 1) . Remarkably, the presence of hydroxyl group(s) at the ortho position(s) on the aromatic ring(s) enhanced dramatically their inducer potencies (32, 33) . This paper focuses on the relation between structure and inducer potencies of a series of conjugated benzylidene ketone Michael reaction acceptors of plant and synthetic origins. We show that the potencies for phase 2 enzyme induction, for raising GSH levels in several cell types, and for reaction with model sulfhydryl compounds are closely related. The aforementioned dramatic and coordinate enhancements of potencies for these three processes by ortho-hydroxyl substituents on the aromatic rings of benzylidene groups is universal. This suggests that reaction with reactive sulfhydryl group(s) on the ''sensor'' protein that recognizes and reacts Fig. 3 and the designation of the protons is given in Table 6 . All benzylidene derivatives have E-E geometry as determined from coupling constants (acetones) or nuclear Overhauser enhancements (cycloalkanones).
Cell Cultures. All cells were grown at 37°C in a 5% CO 2 ͞95% air atmosphere. Hepa 1c1c7 murine hepatoma cells were cultured in ␣ minimum essential medium (␣-MEM), supplemented with 10% heat-and charcoal-treated FBS (1 g of charcoal per 100 ml of serum; 90 min at 55°C); MCF 7 human breast cancer cells (a gift from Alan J. Townsend, Wake Forest Univ. School of Medicine, Winston-Salem, NC) were cultured in Dulbecco's modified Eagle's medium (DMEM) with 5% FBS; and PE murine keratinocytes (a gift from Stuart H. Yuspa, National Cancer Institute, Bethesda, MD) and HaCaT human keratinocytes (a gift from G. Tim Bowden, Arizona Cancer Center, Tucson) were cultured in Eagle's minimum essential medium (EMEM) with 8% FBS, treated with Chelex resin (Bio-Rad) to remove Ca 2ϩ .
Enzyme Activity Assays. All enzyme assays were at 25°C.
GSTs. Cells (10 6 ) were grown in 10-cm plastic Petri dishes for 24 h, induced for 48 h, and lysed by sonication. Cell lysate supernatant fractions were then assayed for GST activities spectrophotometrically with 1-chloro-2,4-dinitrobenzene and GSH as substrates (35) .
Quinone reductase. Activity of NQO1 in each cell line was determined by the Prochaska test (25, 26) . Cells were grown for 24 h in 96-well plates (10,000 per well for Hepa 1c1c7 and MCF 7 cells; 20,000 per well for PE cells) and then exposed to serial dilutions of inducers for 48 h. The concentration required to double the specific activity of NQO1 (CD value) was used as a measure of inducer potency.
Determination of Cellular GSH. Cells were grown for 24 h in 96-well plates (10,000 per well for Hepa 1c1c7 and MCF 7 cells; 30,000 per well for PE cells), exposed to serial dilutions of inducers for 24 h, and finally lysed in 50 l of 0.08% digitonin. One half of the wells were used for protein determination. The other half received 50 l of ice-cold metaphosphoric acid (50 g͞liter) in 2 mM EDTA to precipitate cellular protein. After 10 min at 4°C, plates were centrifuged at 1,500 ϫ g for 15 min and 50 l of the resulting supernatant fractions was transferred to the corresponding wells of a parallel plate. To each of these wells, 50 l of 200 mM sodium phosphate buffer, pH 7.5, containing 10 mM EDTA, was added and total cellular GSH was determined by rate measurements in a recycling assay (36, 37) .
Determination of Rate of Reaction with Sulfhydryl Groups.
Each compound was incubated with the corresponding sulfhydryl reagent in a mixture of equal volumes of acetonitrile and 100 mM Tris⅐HCl, pH 7.4, at 25°C, and the decrease in absorbance at the following wavelength maxima was monitored with time: 22, 330 nm; 23, 370 nm; 24, 320 nm; 25, 367 nm; and 26, 390 nm. The extinction coefficients were 35,000-38,000 M Ϫ1 ⅐cm Ϫ1 . NMR Spectroscopy. One-dimensional proton, as well as twodimensional COSY, NOESY, HSQC, and HMBC NMR ¶ spectra were obtained on a Varian Unity Plus 600-MHz spectrometer equipped with a 5-mm triple-resonance probe and gradient capabilities.
Northern Blot Analysis. MCF 7 cells (10 6 ) were grown for 24 h in 10-cm Petri dishes and exposed to 5 M 2,5-bis(2-hydroxybenzylidene)cyclopentanone (26) for a further 24 h. RNA (10 g) was electrophoretically separated and transferred to Nytran ¶ dqfCOSY, double quantum-filtered correlated spectroscopy; HMBC, heteronuclear multiple bond correlation; HMQC, heteronuclear multiple quantum correlation; NOESY, nuclear Overhauser effect spectroscopy. (40), heat-denatured, hybridized to the blot (18 h at 42°C), and washed. Radioactivities corresponding to NQO1 transcripts were quantified by phosphorimaging (Bio-Image analyzer BAS 2500, Fujifilm) and autoradiography at Ϫ80°C.
Results and Discussion

Potencies of Michael Reaction Acceptors as Inducers of NQO1 in
Murine Hepatoma Cells. Structure-activity analyses of a number of plant-derived natural and synthetic phenylpropenoid Michael reaction acceptors-i.e., cinnamates, chalcones, coumarins, curcuminoids, and bis(benzylidene)cycloalkanones established that the presence of unsubstituted hydroxyl group(s) at the ortho, but not para or meta, positions of the aromatic ring(s), increased the NQO1 inducer potency dramatically (Table 1 ). This conclusion is based on a large number of analogues belonging to several chemical classes (32, 33) . Thus, compare 2,5-bis(benzylidene)cyclopentanone (25; CD 16 M) and 2,5-bis(2-hydroxybenzylidene)cyclopentanone (26; CD 0.075 M); and 2,6-bis(benzylidene)cyclohexanone (27; CD 2.9 M) and 2,6-bis(2-hydroxybenzylidene)cyclohexanone (28; CD 0.28 M). The enhancement of inducer potency ranges from 3-fold for the ketones to more than 300-fold for the coumarins. The double Michael reaction acceptor 26 was identified as the most potent inducer of this series, with a CD value of 0.075 M and was capable of inducing NQO1 more than 10-fold without any detectable cytotoxicity.
To extend the scope of these observations and to assess the importance of the central cycloalkanone ring, we now compare the inducer potencies of the acyclic bis(benzylidene)acetone, 22, and its ortho-and para-hydroxylated analogues, 23 and 24, respectively. The nonsubstituted 22 (CD Ͼ 20 M) and its para-hydroxylated analogue 24 (CD 14 M) were both weak inducers (Fig. 1) . In sharp contrast, the ortho-hydroxylated derivative 23 was a very potent inducer of NQO1 in both murine hepatoma (Hepa 1c1c7) and murine papilloma (PE) cells, with CD values of 0.15 M and 0.10 M, respectively. Although the presence of a cycloalkanone ring is not required for inducer activity, hydroxyl groups at ortho positions on the aryl rings are also critical for high inducer potency of the acetone derivatives. Understanding the mechanism of this phenomenon is crucial for designing chemoprotective inducers.
Induction of Quinone Reductase 1 and GSTs and Elevation of GSH by
Natural and Synthetic Michael Reaction Acceptors. To establish that the observed elevation in the activities of phase 2 detoxification enzymes upon exposure to such compounds is restricted neither to NQO1 nor to the particular cell line (Hepa 1c1c7), we compared the GSH levels and the activities of GST and NQO1 in PE murine papilloma and MCF 7 human breast cancer cells with those in Hepa1c1c7 murine hepatoma cells. All three endpoints were significantly and in some instances dramatically increased when all cell types were exposed to 10 M 2,5-bis(2-hydroxybenzylidene)cyclopentanone (26) for 48 h (Table 2) .
Northern blots (Fig. 2 ) demonstrated that exposure of human MCF 7 cells to 5 M 2,5-bis(2-hydroxybenzylidene)cyclopentanone (26) for 24 h increased NQO1 mRNA levels. Upon hybridization to radiolabeled full-length NQO1 cDNA, two transcripts (1.7 and 2.7 kb) were easily detected. These correspond to the use of two alternative polyadenylation sites in the 3Ј-untranslated region of human NQO1 mRNA (41) . The two transcripts were induced 3.0-and 3.9-fold, respectively.
The induction patterns of NQO1, GST, and GSH were similar in all three cell lines, but the increases were most dramatic in PE murine keratinocytes-e.g., exposure of these cells to 2,5-bis(2-hydroxybenzylidene)cyclopentanone (26) raised the concentration of GSH from 4 mM to nearly 30 mM. We therefore used this cell line as a model to correlate the potencies of such compounds to induce NQO1 and elevate GSH. Table 3 shows the correlation of the rank orders of inducer potencies of the bis(benzylidene)-alkanones for both assays. Again, the most potent compounds bear ortho-hydroxyl substitutions on the aryl rings-i.e., bis(2-hydroxybenzylidene)acetone (23) and 2,6-bis(2-hydroxybenzylidene)cyclohexanone (28) . Both compounds induced NQO1 and elevated GSH at comparable concentrations: with CD values of 0.14 M (compound 23) and 0.16 M (compound 28), and concentrations that elevated GSH by 50% of 0.4 M (compound 23) and 0.3 M (compound 28), respectively.
Examination of a series of chalcones confirmed these findings. The chalcones are a diverse group of naturally occurring plant metabolites that can be regarded as open-chain flavonoids, in which the two aromatic rings are bridged by an ␣,␤-unsaturated carbonyl (Michael reaction acceptor) moiety. We have previously reported a detailed structure-activity study for their ability 
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Bis(benzylidene)- (22) Ͼ20 (6) 5.3 (6) Bis(2-hydroxybenzylidene)- (23) 0.14 (1) 0.4 (2) Bis(4-hydroxybenzylidene)- (24) Ͼ10 ( to induce NQO1 in Hepa 1c1c7 cells (32, 33) (see Table 1 ). The potencies of these compounds in raising GSH levels correlated with those that elevate NQO1. The nonsubstituted chalcone 11 was the least effective, whereas the presence of phenolic hydroxyl(s) on either aryl ring(s) increased the inducer potency (data not shown). The simultaneous presence of three hydroxyl groups has a profound effect, as represented by 2,2Ј,4Ј-trihydroxychalcone (17), which was the most potent inducer in this series, capable of elevating NQO1 and GSH more than 6-and 3-fold, respectively. The seemingly lower sensitivity of the GSH response is not surprising, considering that (i) this tripeptide is normally already present in the cell at millimolar concentrations, and (ii) the enzyme catalyzing the rate-limiting step in its synthesis, ␥-glutamylcysteine synthetase, is subject to feedback inhibition by the final product, GSH (42) . The mechanisms involved in the transcriptional regulation of this enzyme as part of the phase 2 detoxification enzyme cascade have been recently reviewed (43) . The finding that the cellular levels of GSH could be further increased severalfold by components of the human diet (e.g., chalcones), or by very low concentrations of their synthetic analogues [e.g., bis(benzylidene)alkanones], was especially intriguing and could be of critical importance under certain pathological conditions, in which the GSH status is compromised. Notably, coordinate induction of GSH together with several phase 2 proteins can be achieved by dietary means in vivo and has been observed repeatedly in rodent tissues (17, 44) .
Relation of Inducer Potency of Bis(benzylidene) Ketone Michael Reaction Acceptors to Their Rates of Reaction with Sulfhydryl Groups.
The only known universal property of all phase 2 inducers is their reactivity with sulfhydryl groups, which has been proposed as responsible for the initial ''sensing'' of inducers. Does the introduction of ortho-hydroxyl group(s) in benzylidene alkanones, which dramatically increases their inducer potencies, also increase the reactivity of such compounds with mercaptans?
Comparison of the second-order reaction rate constants (k 2 ) of 2,5-bis(benzylidene)cyclopentanone (25; CD 16 M) and 2,5-bis(2-hydroxybenzylidene)cyclopentanone (26; CD 0.075 M) with a variety of monothiols and dithiols revealed consistently higher rates (1.4-to 12.7-fold) for the hydroxylated species ( Table 4 ). The impact of the hydroxyl groups on the reactivity with GSH, dithiothreitol, and dithioerythritol was especially large (Ϸ10-fold). This correlation was fully supported by the reactivities of the unsubstituted (22; CD Ͼ20 M) and orthohydroxylated (23; CD 0.15 M) bis(benzylidene)acetone derivatives with dithiothreitol and GSH (Table 5 ). This rate enhancement was especially impressive with GSH (35-fold). In contrast, para-hydroxyl substitution decreased the reaction rate enormously, consistent with the much lower electrophilicity of the ␤-carbon of the olefinic group, which is the presumed site of nucleophilic attack (Table 6 ). Most importantly, the rates of sulfhydryl addition to these compounds correlated with their ability to elevate cellular GSH in three different cell lines, in agreement with the previous observations that the potency of many phase 2 enzyme inducers paralleled their reactivity in the Michael reaction (29, 30) .
NMR Spectroscopic Characteristics of Bis(benzylidene)acetone Michael Reaction Acceptors: Implications for Sulfhydryl Group Reactivity
and Inducer Potency. The correlation of inducer activity and sulfhydryl group reactivity prompted us to examine the electron density at the vinyl carbons (the presumed site of Michael addition). A series of one-and two-dimensional NMR spectroscopic experiments [i.e., dqfCOSY, NOESY, HMBC, and HMQC] ¶ were performed to assign unambiguously the proton and carbon resonances of compounds 22, 23, and 24. All compounds were dissolved in DMSO-d 6 ; additional analyses in benzene-d 6 were required for 22 (45) .
As expected, the presence of a powerful electron-withdrawing para-hydroxyl group in 24 resulted in a substantial downfield shift (by 15.8 ppm) of the adjacent carbons (C II ), indicating a significant decrease in electron density. Surprisingly, this modification caused a substantial upfield shift (by 16.5 ppm) for the ␤-vinyl carbons (COH ␤ ), indicating an increased electron density at this carbon in 24, in agreement with the observed decreased reactivity with dithiothreitol and GSH at the vinyl site (Table 5) . Surprisingly, the introduction of ortho-hydroxyl groups did not have a significant effect on the carbon chemical shifts ( compare  compounds 22 and 23) . Moreover, the slight (and probably insignificant) shifts of the vinyl carbon resonances were upfield, indicating slightly increased electron density. Although contradictory to the increased reactivity with nucleophiles, these findings are entirely consistent with our previous observations on substituted cinnamates (29) and hydroxylated bis(benzylidene)cycloalkanones (32) . The conclusion is therefore inescapable that the large inducer potency increases resulting from ortho-hydroxyl groups cannot be ascribed to increased electrophilicity of the ␤Ϫvinyl carbon atoms of the Michael acceptor groups, and must depend on some other properties of these systems.
Notably, in the 1 H NMR spectrum of 24, the chemical shift for the para-hydroxyl appears at 10.05 ppm, as expected for a phenolic hydroxyl (Fig. 3) . In sharp contrast, no resonance at Ϸ10 ppm (or indeed up to Ͼ50 ppm) was observed in the spectrum of the ortho-hydroxylated 23. However, a very broad upfield resonance (linewidth ϭ 35 Hz compared with 4 Hz for H ␤ ) at 3.57 ppm was observed at high concentrations (10-20 mM in DMSO-d 6 ). Moreover, it shifted to 3.38 ppm upon lowering the concentration to 1 mM, while all other resonances remained unchanged. This resonance, distinct from the residual H 2 O in DMSO, completely disappeared in D 2 O. Taken together, the unusual upfield position and line broadening of this chemical shift and its concentration dependence strongly indicate that the phenolic hydroxyl of bis(2-hydroxybenzylidene)acetone (23) is involved in extensive intermolecular hydrogen bonding [as observed for neat methanol (46) ]. Thus, the potential to participate in hydrogen bond formation may be responsible for the observed enhanced reactivity with model sulfhydryl groups (and higher inducer potency).
Although the exact mechanism(s) by which the ortho-hydroxyl group increases phase 2 enzyme inducer potency and enhances sulfhydryl group reactivity remains unknown, its large impact is consistently observed among all compounds examined in this study. Our findings recall those of Kupchan and his colleagues (47, 48) , who observed an enhancement in the rate of cysteine addition to a number of sesquiterpene lactones (␣-methylene-␥-lactones) when an aliphatic hydroxyl group was present adjacent to the methylene functionality. The authors postulated that ''this rate enhancement presumably arises from a neighboring group facilitation of the addition of S Ϫ anion, or proton transfer at some intermediate stage in the addition.' ' We suggest that the powerful accelerating effect of orthohydroxyl groups on the reactivity of benzylidenealkanones with sulfhydryl groups, and the associated increases in inducer potency for protective phase 2 proteins, may be explained by the enhanced reactivity (lowering of the pK a ) of the SH group through inductive͞hydrogen bonding of the neighboring phenolic hydroxyl group(s), as follows:
The validation of this suggestion requires identification of the proposed highly reactive sulfhydryl group(s) of the biological sensor molecule (possibly the Nrf2-Keap1 complex) and elucidation of the chemical details of its reactivity with inducers.
